Abstract-This paper investigates germanium incorporation into polysilicon emitters for gain control in SiGe heterojunction bipolar transistors. A theory for the base current of a polySiGe emitter is developed, which combines the effects of the polySiGe grains, the grain boundaries and the interfacial layer at the polySiGe/Si interface into an expression for the effective surface recombination velocity of a polySiGe emitter. Silicon bipolar transistors are fabricated with 0, 10 and 19% Ge in the polySiGe emitter and the variation of base current with Ge content is characterized. The measured base current for a polySiGe emitter increases by a factor of 3.2 for 10% Ge and 4.0 for 19% Ge compared with a control transistor containing no germanium. These values are in good agreement with the theoretical predictions. The competing mechanisms of base current increase by Ge incorporation into the polysilicon and base current decrease due to an interfacial oxide layer are investigated.
I. INTRODUCTION

O
VER the last few years, the high frequency performance of SiGe HBTs has improved to such an extent that several research groups have reported values of and/or over 100 GHz [1] - [5] , and the state-of-the-art is approaching 300 GHz [1] . To achieve this performance, it is necessary to minimize parasitic resistance and capacitance and optimize the vertical doping profile so that delay times in all the regions of the transistor are minimized, particularly the base and collector delay. The base delay is minimized by using a narrow basewidth and large Ge gradient across the base to create a built-in electric field [6] that accelerates electrons across the base. The collector/base depletion region delay is minimized by increasing the collector doping to decrease the collector/base depletion width and hence decrease the electron transit time. Unfortunately high collector doping concentrations have the disadvantage of degrading the common emitter breakdown voltage of the transistor. The common emitter breakdown voltage of a bipolar transistor is strongly influenced by the common emitter current gain, as can be seen from the following equation [7] : (1) where is the common base breakdown voltage (i.e., the breakdown voltage of the collector/base junction), is the common emitter gain and is an empirical parameter that takes a value between 3 and 6. A gain of around 100 is needed for good circuit operation, but there is little advantage to be obtained from higher gains because of the degradation in . In SiGe HBT's, very high values of gain can be obtained, particularly when a high Ge concentration is used to give a large built-in electric field across the base. For example, Washio et al. [3] reported a gain of 1900 in a SiGe HBT with an of 107 GHz and an of 90 GHz. In order to optimize for a given , some method is needed of controlling the gain independently of the base Ge and B profiles. Huizing et al. [8] proposed an epitaxial SiGe layer in the emitter to tune the base current. In this paper we investigate a simpler method, which incorporates Ge into the polySi emitter, creating a polySiGe emitter. A theoretical expression is derived for the base current of a polySiGe emitter, and a comparison made with measured values on silicon bipolar transistors containing different amounts of germanium in the polysilicon. The competing mechanisms in polySiGe emitters of reduced gain from Ge incorporation and increased gain from the interfacial layer [9] are investigated.
II. THEORY Fig. 1 shows a schematic illustration of the polySiGe emitter. Four regions of the emitter can be identified, namely polySiGe grains, grain boundaries, the interfacial oxide layer and the single-crystal silicon emitter. Hole transport in these regions is modeled using an effective recombination velocity approach, as originally proposed by Yu et al. [10] for polySi emitters. An effective recombination velocity is defined at each interface in Fig. 1 . For example, the current density at the metal contact can be written as (2) where is the recombination velocity at the metal contact, is the hole current density and is the hole concentration at the left side of the first polySiGe grain. The effective surface recombination velocity at the right side of the th grain, , is obtained by deriving, in turn, expressions for the effective recombination velocity at the edge of each grain and grain boundary. The grain interiors are modeled as single-crystal silicon and hence the effective recombination velocity can be calculated by solving the continuity equation for holes. Transport across the grain boundaries is modeled by assuming that the grain boundary has a finite thickness and a mobility that is different than the mobility in the grain. Recombination in the grain boundaries is modeled at the interfaces between the grain boundaries and the adjacent grains. The effective recombination at the th grain is then given by (3) where , , , and are given in the Appendix. The effect of the polySiGe layer can be explicitly highlighted by relating the hole concentration for a polySiGe grain to that for an equivalent polySi grain (4) where , are the effective densities of states in the conduction and valence band of SiGe, , are the equivalent in Si and the band gap difference between Si and SiGe. The effect of the polySiGe layer is illustrated in Fig. 2 , which shows a graph of as a function of the number of grains for various values of germanium content. In calculating this graph, the parameter values in [10] were used and it was assumed that the density of states in the conduction band, hole diffusion coefficient and hole diffusion length are the same in SiGe as in Si [11] . The density of states in the valence band for SiGe was assumed to be smaller than that for Si and to follow the dependence in [11] . The bandgap difference between Si and SiGe, , was taken from [12] . For 0% Ge, the curve is identical to that obtained by Yu et al. [10] , as indicated by the circular symbols. For a given number of grains, the effect of the The parameter values in [10] were used in the calculations. germanium is to increase the value of . This trend can be understood from (A4), which shows that increases strongly with Ge content. Fig. 2 also shows that the effective recombination velocity changes very little once there are two or more grains in the polySiGe layer. This behavior is predicted by (3) and is identical to the behavior seen in polySi emitters, as extensively discussed in [10] . Fig. 3 shows a band diagram of the polySiGe/oxide/silicon interface. It is assumed that the voltage drop across the interfacial oxide is negligible and that the band bending at the interfacial oxide layer is negligible. The bandgap in the polySiGe at the left side of the interfacial oxide is smaller than that in the single-crystal Si at the right side, and this difference is represented by . The hole current tunneling density can be written as (5) where is the tunneling coefficient, is the quasi Fermi level energy for holes on the right side of the oxide interface, and the equivalent on the left side of the interface. Taking the valence band edge in the single-crystal silicon as the zero energy reference and noting that the energy of holes increases downwards, we can write
The hole concentration can then be related to and using (8) (9) Combining (5) to (9) gives (10) where (11) The current density at the edge of the polySiGe emitter is now given by (12) where models recombination at the polysilicon/silicon interface, and is given by an equation analogous to (A8) and is the overall effective surface recombination velocity for the polySiGe emitter, which is given by (13) It is worth noting that holes tunneling through the oxide become hot as they appear in the polySiGe grain, as they pick up kinetic energy of . The holes will quickly thermalize to the valence band edge and continue to diffuse toward the emitter contact. We represent this effect by a break in the hole quasi Fermi level in the SiGe grain, close to the oxide layer.
In modern polysilicon emitters, the emitter/base junction depth is extremely shallow and hence recombination in the single-crystal silicon emitter is very small. In this situation, the following simple equation can be used for the base current [7] (14)
where is the effective doping in the single-crystal silicon emitter, is the junction depth, is the hole diffusivity in silicon and uniform doping in the emitter has been assumed. This equation will be used together with (13) to interpret the competing transport and recombination mechanisms in polySiGe emitters. It should be noted that (14) models the ideal portion of the base characteristic, whereas in practice nonideal base characteristics are often obtained due to recombination in the emitter/base depletion region. When comparing measured and predicted results, it is important that the ideal portion of Table I were used in the calculations.
the measured base characteristic is used in the comparison. This point will be considered in more detail in the discussion. Fig. 4 illustrates the variation of with interfacial layer thickness for germanium contents of 0 to 35% in 5% steps. In calculating the curves in Fig. 4 , the parameters in Table I were used with two grains in the polySiGe layer. Three regions of the characteristic in Fig. 4 can be identified. For an interfacial layer thickness larger than about 0.8 nm,
saturates at a value of 15 m/s, which corresponds to the value of the effective recombination velocity at the interfacial oxide/silicon interface . This behavior can be understood from (A13) by noting that and so that . For thick interfacial layers, the effective surface recombination velocity and hence the base current is dominated by recombination at the interfacial oxide/silicon interface. The germanium in the polySiGe layer therefore has little effect on the base current. In this region of the characteristic, recombination in the single-crystal emitter would also be expected to have a strong influence on the base current, which is neglected in (14) .
For intermediate values of interfacial layer thickness between about 0.4 and 0.8 nm, Fig. 4 shows that varies strongly with interfacial oxide thickness. This behavior can be understood from (13) by noting that and so that . In this region of the characteristic, the base current is therefore dominated by transport through the interfacial oxide layer. Tunneling is the transport mechanism and hence varies strongly with interfacial oxide thickness. The germanium in the polySiGe emitter therefore has little effect on in this region of the characteristic. For values of interfacial layer thickness less than about 0.4 nm, varies with both interfacial oxide thickness and germanium content in the polySiGe emitter. For 0% Ge and small interfacial oxide thicknesses, saturates at a value of 1.2 10 m/s, which is equal to the value of . This behavior can be understood from (13) by noting that is equal to unity, and so that . In this region of the characteristic is therefore dominated by transport in the polySiGe layer.
For germanium contents of 20% and above, appears to vary very little with germanium content but strongly with interfacial layer thickness. This trend is shown more clearly in . The strong dependence of on interfacial oxide thickness indicates that the base current is dominated by tunneling through the interfacial oxide layer under these conditions. This can be understood from (11) by noting that decreases exponentially with increasing Ge content, so that at high Ge content in (13) . Since and , we than have . Thus for values of interfacial thickness less than about 0.4 nm and Ge concentrations above about 20%, the value of increases only slightly with Ge content because is dominated by transport through the interfacial oxide layer. There is therefore little to be gained by using Ge contents in the polySiGe layer higher than about 20%.
III. EXPERIMENTAL PROCEDURE
Silicon bipolar transistors were fabricated to experimentally determine the effect of germanium incorporation into the polysilicon emitter. The base was fabricated by implanting 2 10 cm B at 40 keV through an 80 nm thermal oxide layer. After annealing for 30 min at 950 C prior to emitter fabrication, the wafers were given an RCA clean, followed by a dip etch in buffered HF to remove any chemical oxide grown during the RCA clean. Immediately following this etch, a 250-290 nm layer of in-situ phosphorus doped polycrystalline Si or SiGe was deposited in a Thermo VG Semicon CV200 low pressure chemical vapor deposition (LPCVD) system at a temperature of 540 C. The SiGe layers were deposited with Ge contents of 10 and 19%. The emitter was completed by annealing for 30 s at 900 C to diffuse the phosphorus from the polycrystalline Si or SiGe into the underlying single-crystal Si. All measurements of the transistor characteristics were performed at a temperature of 25 C.
IV. RESULTS Fig. 6 shows secondary ion mass spectrometry (SIMS) plots through the emitter of the polySiGe transistor with 10% Ge annealed for 30 s at 900 C. It can be seen that the germanium profile is approximately uniform throughout the 250 nm polySiGe layer. The phosphorus profile in the polySiGe is similarly reasonably uniform with a concentration of 1.7 10 cm . The oxygen profile in Fig. 5 shows a dose of 8.8 10 cm at the interface between the polySiGe and the single-crystal silicon. Similar results were obtained for the polySiGe transistor with 19% Ge and the polySi control transistor, as summarized in Table II . The oxygen doses in the three samples lie in the range 0.7-1.5 10 cm , and there is no discernible trend in the oxygen dose with Ge content. The polySi and polySiGe layer deposition was performed one wafer at a time, and hence the variation in oxygen dose between the wafers is probably due to small differences in the timings of the wafer transfer into the deposition system. dioxide layer and a silicon atom concentration of 4.8 10 atoms/cm and the thickness of the single-crystal portion of the emitter extracted from the SIMS profiles. Cross-sectional transmission electron microscopy (TEM) was used to characterize the structure of the grains in the polySiGe and polySi layers. No discernible difference was found in the structure of the grains in polySiGe and polySi layers. The grains in both materials were of a similar size, with an average diameter of 125 nm. For a polySiGe layer thickness of 250 nm, there are therefore two grains in the polySiGe emitters of the fabricated transistors. Fig. 7 shows Gummel plots for transistors annealed for 30 s at 900 C with 10% and 19% polySiGe emitters and for a control transistor with a polySi emitter. The collector characteristics are ideal, with an ideality factor of 1.06 for all three devices. The base characteristics are near ideal, with ideality factors of 1.19, 1.13 and 1.13 at V for Ge contents of 0, 10, and 19%, respectively. The transistors with 10 and 19% Ge show increased base current at V compared with a transistor without Ge by a factor of 3.2 for 10% Ge and 4.0 for 19% Ge.
V. DISCUSSION
The experimental results in Fig. 7 show that there is a large increase in base current when the germanium content of the polySiGe layer is increased from 0% to 10%, but a much smaller increase when the germanium content is increased from 10% to 19%. This result is in qualitative agreement with the theoretical curves in Fig. 5 , which show that the effect of the germanium on the base current saturates for germanium concentrations above about 20%. To quantitatively interpret the experimental results, (14) . The measured values of Ge content, interfacial oxide thickness and emitter depth in Table II were used in the calculations, together with the values in Table I for the polysilicon parameters [10] . The average doping in the single-crystal silicon emitter was determined from the SIMS profiles and the bandgap narrowing model of del Alamo et al. [13] used to calculate the effective doping . Calculated base characteristics are shown in Fig. 8 . Table III compares the calculated and measured values of base current and the base current ratios, obtained by taking the ratio of the base current in the appropriate polySiGe transistor to that in the polySi transistor. The measured ratios of 3.2 and 4.0 for 10 and 19% Ge, respectively can be compared with calculated values of 1.9 and 4.2. The agreement between measured and calculated values of base current is excellent for 19% Ge, but less good for 10% Ge. A possible explanation for this discrepancy can be found in Fig. 4 . For the interfacial oxide thicknesses used in this work (0.03 nm and below) and a Ge content of 10%, the base current is sensitive to both the Ge content and the interfacial oxide thickness, whereas for a Ge content of 19%, the base current is only sensitive to the interfacial layer thickness. This suggests that the discrepancy in the measured and calculated base current ratio for 10% Ge may be due to an uncertainty in the Ge content in the polySiGe layer.
The agreement in Table III between the absolute values of base current is very poor, with the calculated values being much lower than the measured values in all cases. The explanation for this discrepancy can be found by noting that the measured base characteristics are slightly nonideal (ideality factors of 1.19, 1.13 and 1.13 for 0, 10 and 19% Ge) due to recombination in the emitter/base depletion region, whereas (14) assumes ideal characteristics. One method of addressing this issue is to extract the underlying ideal component of base current using the Fig. 9 . Ideal component of the base current I , determined using the method of Hamel [14] , as a function of base/emitter voltage V for 0%, 10%, and 19% Ge.
analysis method of Hamel [14] . This method has been applied to the measured base characteristics in Fig. 7 and the ideal component of base current is shown in Fig. 9 . In addition, values of the ideal component of base current at V are summarized in Table III for comparison with values calculated using (14) . It can be seen that the ideal components of base current agree very well with the calculated values. Agreement is within a factor of 1.1 for 0% Ge, 1.8 for 10% Ge and 1.1 for 19% Ge. This agreement is reasonable considering the uncertainties of the polySiGe parameters in Table I and in the measured SIMS data.
In polysilicon emitters, the interfacial layer has a strong effect on the current gain [9] . It is therefore important to understand how the interfacial oxide thickness influences the base current increase obtained when germanium is introduced into the polysilicon emitter. The opposite trends with germanium content and interfacial layer thickness are shown in Fig. 4 and this indicates that an interfacial layer thickness of less than about 0.3 nm is needed if the germanium is to have a significant effect on the effective recombination velocity and the base current. In practice, this could be achieved using an ex-situ HF etch in combination with polySiGe deposition in a cluster tool [15] . Even bigger effects could probably be achieved by breaking up the interfacial layer using an interface anneal prior to polySiGe deposition [9] or by epitaxially regrowing the polySiGe during the emitter anneal.
VI. CONCLUSION
A theoretical expression has been derived for the effective surface recombination velocity of a polycrystalline SiGe emitter, and predicted values of base current compared with measured values on silicon bipolar transistors with polycrystalline SiGe emitters. The measured results show an increase in base current by a factor of 3.2 for 10% Ge in the polySiGe emitter and by 4.0 for 19% Ge. The theory predicts that, for a given interfacial layer thickness, the base current initially increases with Ge content and then saturates for germanium contents of about 20%, a trend which agrees well with the experimental results. The size of the base current increase with Ge content depends on the thickness of the interfacial layer, with larger increases being obtained for thinner interfacial layers. The introduction of germanium into a polysilicon emitter therefore allows the base current, and hence the gain, to be controlled by means of the Ge content in the polySiGe emitter. This property is likely to be very useful in advanced SiGe HBT's where high values of gain can be obtained as a result of the high germanium concentration in the SiGe base. Since high values of gain degrade the common emitter breakdown voltage , polySiGe emitters would allow the gain to be controlled independently of the base Ge profile and hence allow the breakdown voltage to be optimized for a given .
APPENDIX
The hole current at either side of the first polySiGe grain can be derived by solving the continuity equation for holes
The parameters and depend on the physical properties of the grains and are given by
where is the grain width, and and are the hole diffusion length and hole diffusivity in the polySiGe grain.
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